The purpose of this study was to examine the mechanism and magnitude of a systematic error in thermodilution cardiac output measurement. One hundred and seventy-one thermodilution cardiac output measurements in dogs using a Swan-Ganz catheter were compared with simultaneously made dye dilution measurements under different conditions over a wide range of cardiac outputs. A systematic error with the thermodilution technique was confirmed and was almost identical to that observed in the literature. It is proposed that its mechanism is loss of thermal indicator between the injectate orifice and detection. Application of a further correction factor for thermal indicator loss is suggested.
There seems to be widespread agreement with a statement made in a review comparing thermodilution cardiac output measurements to those obtained by Fick and dye dilution methods that "all the studies showed a close correlation with no systematic deviation". 1 However, examination of results obtained by several workers2-7 (Table 1) shows a systematic deviation between thermodilution cardiac output measurements and those made by the Fick or dye dilution methods (between which excellent agreement has been shown). [8] [9] [10] [11] The effect of this systematic deviation is that thermodilution progressively overestimates the cardiac output the lower the actual cardiac output becomes, which renders interpretation of thermodilution cardiac output measurements difficult in the clinically important low cardiac output range (Figure 1 Fick Fick DD Fick *The relationship is described by the general formula y = ax + b, where y is CO (l/min) by TD, x is CO O/min) by DD or Fick, a is the slope of the regression line, and b the intercept on the y axis. r = the correlation coefficient between T D and DD or Fick.
It was therefore decided to determine the magnitude of this error when thermodilution measurements are made using a Swan-Ganz catheter. Cardiac output measurements were made simultaneously in four anaesthetised dogs by both the thermodilution and indocyanine green (lCG) dye dilution techniques and compared over as wide a range of cardiac outputs as possible. It was thought that the mechanism of this error may be loss of thermal indicator between its emergence from the Swan-Ganz catheter and its detection in the pulmonary artery, as the loss would become progressively greater at low flows with more time for equilibration with surrounding tissues, thus causing progressive apparent overreading by the thermodilution method in the low cardiac output range.
Thus, simultaneously made thermodilution and dye dilution cardiac output measurements were compared in a further three dogs with the injectate orifice of the Swan-Ganz catheter in two different positions -in the usual position in the superior vena cava (SVC) , and in the right atrium (RA).
METHODS AND MATERIALS

ICG Dilution
Indocyanine Green (Cardio-Green, Hynson, Westcott and Dunning Inc., Baltimore, U .S.A.) was dissolved in a weighed amount of the supplied diluent on the morning of use to yield a concentration of 2.5 mg/ml. For each measurement, 0.6 ml (1.5 mg) was drawn up into a tuberculin syringe and rapidly flushed either into the superior vena cava or right atrium.
Arterial blood was sampled from the descending aorta via a catheter (model 200/490/060, Portex Ltd., Hythe, Kent, U.K.) using a constant rate Syringe Withdrawal Pump (Sage model 367, Waters Co., Rochester, Minnesota, U.S.A.) at 20 mllmin through a Densitometer Cuvette (model DC-41O, Waters Co.), the signal being balanced and amplified by a Cardiac Output Analyser (model TD-IA, Waters Co.) and recorded on a three-channel Recorder (model B/38 Mark II H, Rikadenki Kogyo Co. Ltd., Tokyo, Japan). The system was calibrated by adding known amounts of ICG to samples of each animal's blood and then drawing samples through the densitometer so that the deflections on the recorder encompassed the range encountered during ICG dye dilution measurements. This process was carried out in duplicate.
For calculations, the Stewart-Hamilton equation was used in the following form:
where: I is the mass of dye injected; 60 is the conversion factor to yield lImin; K is the calibration factor; J~ c(t)dt is the area under the dye dilution curve in mg.sec/I. The method of calculation was that of Prys-Roberts . 12 
where VI is the volume of injectate in litres, TB is the initial blood temperature in DC (continuously measured by the thermistor on the catheter); TJ is the initial injectate temperature in DC (continuously measured by a separate thermistor in the injectate container); Cl, CB, SI, SB, are the specific gravity and specific heat of injectate and blood, respectively (for 5070 dextrose SI X CI/SB x CB = 1.0S); CT is the correction factor for loss of thermal signal in the catheter (the latter varies with the volume and temperature of the injectate and is entered manually into the computer from a table derived from an in vitro study);13 60 converts lIsec. to lImin.; and J~!J. TB(t)dt is the area under the timetemperature thermodilution curve.
STUDY PPROCEDURE One hundred and seventy-one paired simultaneous thermodilution and dye dilution cardiac output measurements were made in seven unpremedicated mongrel dogs weighing between IS and 20 kg. Anaesthesia was induced with sodium thiopentone (10-15 mg/kg), a cuffed endotracheal tube was inserted, the dogs were paralysed with pancuronium (0.2 mg/kg), and anaesthesia was maintained with 1 % halothane in air and intermittent positive pressure ventilation. Catheters were placed in both femoral arteries, one for continuous blood pressure measurement, and the other for withdrawing blood for dye dilution measurements.
A Swan-Ganz catheter was placed via an external jugular vein into the pulmonary artery of each dog; pulmonary artery pressure was continuously measured to ensure that the catheters did not wedge. In three dogs an additional injectate site was provided by inserting an extra modified Swan-Ganz catheter so that its injectate orifice was in the right atrium. This catheter had been modified by removing the portion beyond the injectate orifice so that it would not act as a heat sink. By injecting sodium iothalamate 70% wv (Conray Anaesthesia and Intensive Care, Vo!. IX, No. 2, May, 1981 420, May and Baker, Melbourne, Australia) at the beginning and end of each experiment, whilst screening with an image intensifier, it was shown that the injectate orifice of each intact catheter was in the superior vena cava and that that of each modified catheter was in the right atrium.
The dye dilution and thermodilution cardiac output measurements were made simultaneously in the following way. The Swan-Ganz catheter injectate lumen was preloaded with 1.5 mg of fresh indocyanine green in 0.6 ml (the lumen capacity being 0.S5 ml). A minute later the ventilator was disconnected and the dye flushed in with 10 ml of cold 5% dextrose as the thermal indicator.
Cardiac output was varied up to 5-fold about its initial value in the seven individual dogs. It was lowered by progressively raising the inspired halothane concentration to 5% (using a Mark III Fiuotec, Cyprane Limited, Keighley, West Yorkshire, U.K.) and progressively raised by holding the inspired halothane concentration at 1 % and infusing adrenaline intravenously at rates of up to 0.7 JAg/kg/min, using a constant rate infusion pump (model 940, Harvard Apparatus, Millis, Massachusetts, U.S.A.).
In the four dogs with a single Swan-Ganz catheter, S5 dye dilution measurements were compared with simultaneous thermodilution measurements.
In three dogs with an additional modified Swan-Ganz catheter, injections of the indicators were made alternately into the superior vena cava via the intact catheter (44 pairs of measurements) and into the right atrium via the modified catheter (42 pairs of measurements). RESULTS One hundred and twenty-nine dye dilution cardiac output measurements were compared with simultaneously made thermodilution measurements with the injectate orifice in the usual position in the superior vena cava ( Figure  2 ). Linear regression analysis yielded the equation COTD = 0.96CODD + 0.23, where COTD = thermodilution cardiac output and CODD = dye dilution cardiac output. The correlation coefficient was 0.96 (p < 0.001).
Forty-two dye dilution cardiac output measurements were compared with simultaneously made thermodilution measurements in which cold injectate was injected into the right atrium ( Figure 3 ). Linear regression analysis yielded the equation COTD = 1.02CODD-0.01. The correlation coefficient was 0.98 (p < 0.001). 
DISCUSSION
Our results confirm reports in the literature that there is a systematic deviation between thermodilution and dye dilution output measurements. The relationship between thermodilution and dye dilution in our study is almost identical to that obtained in other studies using a Swan-Ganz catheter in which cold injectate was injected into the superior vena cava (Table 2) . These studies include comparisons made in dogs, pigs and man. The results from the dogs with two Swan-Ganz catheters in different positions show that when the indicator is injected further away from the thermistor, the thermodilution measurement "over-reads" when compared with a simultaneously made dye dilution measurement, and that this effect becomes proportionately greater the lower the cardiac output. This is consistent with loss of thermal indicator between its emergence from the injectate orifice and sensing by the pulmonary artery thermistor; the greater the distance between these points, and the slower the blood flow, the greater is the time for loss of thermal indicator to take place. The greater the loss, the greater is the apparent degree of dilution, and the higher is the apparent cardiac output.
First principles dictate that there must be thermal indicator loss at each stage of the procedure. Some indicator loss occurs during handling of the syringe between the injectate bath and injection (approximately 1 QC for each 20 seconds for cold injectate), 14 although this loss is not significant with prompt correct handling of the syringe. Significant indicator loss occurs in the catheter (nearly 17070 of a 10 ml cold 5% dextrose bolus is lost in this way) but is corrected for by the factor CT in the thermodilution equation. 13 That some indicator loss would occur after emergence from the injectate orifice and before detection has been predicted in reviews of the heat exchange mechanisms involved in thermodilution measurements. 15 ,16 It has been stated that "heat exchange between the bloodindicator mixture on the one hand, and the heart and blood vessels on the other, does not lead to a significant loss of indicator when the indicator is injected into the central venous area and detected in the pulmonary artery".4 However, the work quoted in justifying this statement l5 ,17,18 demonstrated that there was an insignificant difference in loss of thermal indicator between pulmonary arterial and aortic detection. There are no reports of systematic studies in which the injectate orifice site has been varied and thermal indicator detected in the normal manner in the pulmonary artery. It has been shown that injection of indicator into the external jugular vein is associated with thermodilution cardiac output measurements over-reading, presumably due to thermal indicator 10ss,19,20 and it has also been shown that if thermal indicator is injected into the inferior vena cava the thermal method over-estimates by 8070. 16 It would seem, therefore, that loss of thermal indicator is the mechanism by which the consistently observed systematic deviation between thermodilution and dye dilution measurements occurs.
In the normal range of cardiac outputs, the error is insignificant ( + 0.6% at 511min, + 2% at 411min, and + 4% at 311min), but at a cardiac output of 211min would be + 7.5% and at 1.01lmin + 20%.
Our results are consistent with previous studies using the same method,4,6 and thus it is proposed that if absolute values for cardiac output are required, a further correction factor for loss of thermal indicator should be applied:
(COTD -0.23) 0.96
